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 DUH WKH LGHQWLILFDWLRQ RI VFDOLQJ ODZV DQG WKH TXDOLILFDWLRQ RI SK\VLFDO PRGHO FDOFXODWLRQV GXULQJ FRSSHU
ZHOGLQJ LQDSURFHVV UHJLPHRI ORZ3HFOHWQXPEHUV 3HZLWKKLJKGLIIXVLYHKHDW IORZ ORVVHVGXH WR WKHKLJK
WKHUPDO FRQGXFWLYLW\ RI WKH PDWHULDO 7KXV SHQHWUDWLRQ GHSWK DQG VHDP ZLGWK ZHUH H[DPLQHG DQG VFDOHG WR WKH
ZHOGLQJVSHHGIRUGLVFUHWHSRZHUOHYHOV6XGHUSRVWXODWHGWKDWWKHZHOGLQJGHSWKLVPDLQO\FRQWUROOHGE\WKH
SRZHUGHQVLW\DQGWKHVSHFLILFSRLQWHQHUJ\ZKLFKLVLQFDVHRIUHFWDQJXODUWRSKDWEHDPVWKHSURGXFWRIODVHUSRZHU
DQGLQWHUDFWLRQWLPHZKLOVWWKHZHOGZLGWKLVFRQWUROOHGE\WKHLQWHUDFWLRQWLPH)DEEURGHVFULEHVDUHODWLRQ
RIWKHLQFOLQDWLRQRIWKHNH\KROHIURQWWRWKHIHHGUDWHDVZHOOWRWKHDEVRUEHG,QWHQVLW\LQDWRSKDWGLVWULEXWLRQXVLQJ
D SURSRUWLRQDOLW\ IDFWRU WKDW PDLQO\ FRQVLGHUV WKH ZHOGHGPDWHULDO0RUHRYHU KH OLQNV WKH ZHOGLQJ GHSWK WR WKH
LQFLGHQWODVHUSRZHUWKHIRFDOGLDPHWHUDQGWKHIHHGUDWH
1RZDGD\V LW LVSRVVLEOH WR UHDOL]H'QXPHULFDO VLPXODWLRQVRI ODVHUZHOGLQJZKHUH WKHPDLQPHFKDQLVPVRI
KHDW LQWURGXFWLRQ DQG IORZ FDQ EH GHVFULEHG VHOIFRQVLVWHQWO\ DQG IRU QRQVWDWLRQDU\ FRQGLWLRQV 0RUHRYHU WKH
K\GURG\QDPLFV RI WKHPHOW SRRO DQG YDSRXUIUHH VXUIDFH LQWHUDFWLRQ DUH WDNHQ LQWR DFFRXQW .L 2WWR 
3DQJ  7VRXNDQWDV  H[DPLQHV QXPHULFDOO\ WKH ZHOGLQJ GHSWK DQG VHDP ZLGWK LQ GHSHQGHQFH RI WKH
DEVRUEHG ODVHU SRZHU ZKLOH ODVHU UHPRWH ZHOGLQJ RI WKLQ PHWDO VKHHWV $V D IHDWXUH WKH VWXG\ FRQVLGHUV WKH
LQFOLQDWLRQDQJOHRIWKHODVHUEHDPRQWKHZRUNSLHFHVXUIDFHLQVFDQQLQJSURFHVVHV
$QRWKHU QXPHULFDO DSSURDFK VLPXODWHV WKH KHDW LQWURGXFWLRQ ZKLFK LV UHDOL]HG E\ PHDQV RI D VXEVWLWXWH KHDW
VRXUFH7KH KHDW VRXUFH FDQ EH GHULYHG E\ DSSO\LQJ WKHPHWKRG RIPLFURJUDSK FRPSDULVRQ ,Q WKLV SURFHVV KHDW
LQWURGXFWLRQ LV YDULHG XQWLO WKH WHPSHUDWXUH ILHOG FDOFXODWLRQ UHVXOWV LQ WKH VDPH ZHOG SRRO FURVVVHFWLRQ DV WKH
PLFURJUDSK$VWXG\RQPLFURZHOGLQJRI WKLQVWHHO IRLOVE\/RRVHUHYHDOV WKDW WKHZLGWKRI WKHPHOWSRRO
VFDOHVZLWKWKH3pFOHWQXPEHU
7KH DSSURDFKHV RI QXPHULFDO VLPXODWLRQV DQG H[SHULPHQWDO LQYHVWLJDWLRQV IRU HDFK ZHOGLQJ WDVN LV WLPH
FRQVXPLQJDQGFRPSOH[,QFDVHRIDF\OLQGULFDOKHDWVRXUFHLGHDOFDSLOODU\ZKLOHGHHSSHQHWUDWLRQZHOGLQJ1ROOHU
 LQWURGXFHGD VLPSOLILHGDQDO\WLFDO VROXWLRQ IRU WKH WHPSHUDWXUH ILHOGZLWKLQ WKH VROLGZKLFK LVH[SUHVVHG LQ
SRODUFRRUGLQDWHV3HĬ
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3H LVPDGHXSRI WKH IHHG UDWHv WKH FDSLOODU\ UDGLXV rF DQG WKH WKHUPDO GLIIXVLYLW\ț I1 DQGK1 DUHPRGLILHG
%HVVHOIXQFWLRQVN LVDQLQWHJHURIWKHVHULHV)RUYHU\VPDOO3pFOHWQXPEHUV3HWKHPXOWLSROHWHUPVN!
SURSRUWLRQDOWRFRVNÂĬFDQEHQHJOHFWHGDQGWKHF\OLQGHUVRXUFHFKDQJHVLQWRDOLQHVRXUFH
7KH DSSOLHG VLPSOLILFDWLRQ RI WKH DSSUR[LPDWLRQ QHJOHFWV WKH LQIOXHQFH RI FRQYHFWLYH PHOW IORZ RQ KHDW
FRQGXFWLRQZLWKLQ WKH VROLG DQG DVVXPHV D WZRGLPHQVLRQDO SURFHVV )XUWKHUPRUH WKH NH\KROH LV SRVWXODWHG WREH
LGHDOF\OLQGULFDOZLWKDFRQVWDQWUDGLXV,QFRQWUDVW)DEEURVKRZHGWKDWWKHNH\KROHJHRPHWU\GHYLDWHVZLWK
UHVSHFWWRDQLGHDOF\OLQGULFDOVKDSHZLWKLQFUHDVLQJIHHGUDWH
7KHDQDO\WLFDOVROXWLRQLVXVHGLQWKHILHOGVRIODVHUEHDPFXWWLQJE\6FKXO]DQG)UDQNHODVHUEHDP
ZHOGLQJE\%HFNDQG%H\HUDVZHOODVHOHFWURQEHDPZHOGLQJE\1ROOHULQRUGHUWRGHWHUPLQH
KHDWFRQGXFWLRQORVVHVDQGJHRPHWU\RIWKHZRUNLQJDUHDHJWKHPHOWSRRO0HOWSRROZLGWKDQGOHQJWKDUHHTXDOWR
WKHPD[LPXPH[WHQWRIWKHLVRWKHUPVUHSUHVHQWLQJPHOWLQJWHPSHUDWXUHVHH)LJ

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)LJ&KDUDFWHULVWLFJHRPHWU\RIWKHPHOWSRRODVFKHPDWLFEKLJKVSHHGYLGHRJUDSK\LPDJHRIDPLFURZHOGH[DPSOH
7KHSUDFWLFDOXVHRIWKHDQDO\WLFDOVROXWLRQLVFRPSOLFDWHGE\FDOFXODWLQJLQILQLWHVHULHVZLWK%HVVHOIXQFWLRQV)RU
WKLVUHDVRQDSSUR[LPDWLRQVKDYHEHHQGHULYHGIURPQXPHULFDOFDOFXODWLRQE\%HFNDQG%H\HU%HFN
 VSHFLILHV WKH PHOW SRRO ZLGWK bV LQ GHSHQGHQFH RI 3pFOHW QXPEHU FDSLOODU\ GLDPHWHU dF DQG PHOWLQJ
WHPSHUDWXUHT0DVZHOODVHYDSRUDWLRQWHPSHUDWXUHT9E\WKHIROORZLQJDSSUR[LPDWLRQ
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%\ DSSO\LQJ WKHVH WHUPV WR SURFHVV SDUDPHWHUV WKHPHOW SRRO GLPHQVLRQV FDQ EH FDOFXODWHG HDVLO\7KH3pFOHW
QXPEHUFRQWDLQVWKHSURFHVVLQJVSHHGWKHFDSLOODU\UDGLXVDQGWKHWKHUPDOGLIIXVLYLW\DVFKDUDFWHULVWLFYDOXHRIWKH
XVHGPDWHULDO0HOWLQJDQGHYDSRUDWLRQWHPSHUDWXUHGHILQHWKHERXQGDU\LVRWKHUPVDQGWKXVPHOWSRRODQGFDSLOODU\
ERXQGDULHV
%HFN  VSHFLILHV WKHPD[LPXPGHYLDWLRQRI WKHDQDO\WLFDSSUR[LPDWLRQDV VPDOOHU WKDQ LQD UDQJHRI
3H%H\HUGHFODUHVWKHDSSOLFDEOHUDQJH3H7KHGLVDGYDQWDJHRIWKHDSSUR[LPDWLRQVLV
GXHWRWKHOLPLWDWLRQE\WKHH[LVWHQFHRIDFDSLOODU\ZKLFKLVQHFHVVDU\WRFDOFXODWHWKHPHOWSRROGLPHQVLRQV7KXV
FRQGXFWLRQZHOGLQJSURFHVVHVFDQQRWEHFRQVLGHUHGZLWKLQWKHVHDSSUR[LPDWLRQVE\UHDVRQRIWKHODFNRIDFDSLOODU\
0RUHRYHUWKHFDSLOODU\GLDPHWHULVTXLWHGLIILFXOWWRGHWHUPLQHLQSUDFWLFH
7HVWDUUDQJHPHQWDQGWHVWGHVLJQ
,QRUGHUWRGHWHUPLQHWKHPHOWSRROGLPHQVLRQGXULQJWKHODVHUPLFURZHOGLQJSURFHVVVWDLQOHVVVWHHO$,6,
IRLOV LQ WKLFNQHVVHV RI P DQG P VHUYHG DV VSHFLPHQV 7KH IRLOV ZHUH ZHOGHG LQ D EHDGRQSODWH
FRQILJXUDWLRQLQRUGHUWRQHJOHFWWKHLQIOXHQFHRIDJDS7KHIHHGLQJUDWHZDVUDLVHGDWDJLYHQODVHUSRZHUXQWLODQ
LQFRPSOHWHSHQHWUDWLRQUHVXOWHG7KHUHE\DSURFHVVZLQGRZFRXOGEHGHWHUPLQHG)LJD7KLVVWHSZDVLWHUDWHG
E\LQFUHPHQWDOO\LQFUHDVLQJWKHODVHUSRZHU,IRQO\UHVXOWVRIWKHSURFHVVERXQGDU\QHDUDQLQFRPSOHWHSHQHWUDWLRQ
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DUHXVHGWKLVDSSURDFKOHDGVWRWKHIROORZLQJGHILQLWLRQ7KHZHOGLQJGHSWKsLVLQDFFRUGDQFHZLWKWKHIRLOWKLFNQHVV
DQG WKHUHIRUHGHILQHGE\ LW'XH WRIXOOSHQHWUDWLRQZHOGV WKHFRQGLWLRQRID WZRGLPHQVLRQDOSURFHVVRI WKHXVHG
DSSUR[LPDWLRQLQHTXDWLRQLVIXOILOOHG


)LJD6LPSOLILHGVFKHPHRIZHOGLQJSURFHVVERXQGDULHVEVDPSOHPLFURVHFWLRQ
7ZRGLIIHUHQWODVHUVRXUFHVZHUHXVHGLQWKLVVWXG\LQRUGHUWRSURYLGHDEURDGUDQJHRIIRFDOGLDPHWHUV7KHILUVW
ODVHUVRXUFHLVD52),1PXOWLPRGHILEHUODVHUZKLFKZDVFRXSOHGWRD5$</$6(VFDQQLQJXQLW$VDVHFRQGODVHU
VRXUFH DQ 63, VLQJOHPRGH ILEHU ODVHU FRPELQHGZLWK D 6&$1/$% VFDQQLQJ XQLWZDV FKRVHQ9DULRXV REMHFWLYH
OHQVHV DQG FROOLPDWLRQXQLWVZHUH XVHG ,Q FRPELQDWLRQZLWK GLIIHUHQW EHDPSURSHUWLHV RI WKH ODVHU VRXUFHV IRFDO
GLDPHWHUVEHWZHHQPDQGZHUHREWDLQHGVHH7DEOH
7DEOH8VHGODVHUV\VWHPVDQGVSHFLILFDWLRQV
7\SH )/; :&:05³56´
0DQXIDFWXUHU 5RILQ6LQDU 63,
:DYHOHQJWK>QP@  
0D[SRZHU>:@  
)LEHUFRUH0RGHILHOGGLDPHWHU>P@  
%HDPSURILOH 0XOWLPRGH 6LQJOHPRGH
6FDQQLQJXQLW 7XUERVFDQ ,QWHOOLVFDQ
0DQXIDFWXUHU 5D\ODVH 6FDQODE
)RFDOOHQJWKRIFROOLPDWLRQXQLW>PP@  
)RFDOOHQJWKRI)7KHWDREMHFWLYHOHQVHV
>PP@  
)RFDOGLDPHWHU>P@  
0ð  
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 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)LJ%HDPSURILOHVRIDOOXVHGRSWLFDOVHWWLQJVDPEPFPGPHPIPJP
$EHDPSURILOHPHDVXUHPHQWRIDOORSWLFDOVHWWLQJVZDVFDUULHGRXWDQGIRFDOGLDPHWHUVDVZHOODVEHDPTXDOLW\
IDFWRUVDQG5D\OHLJKOHQJWKVZHUHGHWHUPLQHGVHH)LJDQG7DEOH7KHEHDPTXDOLW\IDFWRUVZKLFKDIIHFW WKH
IRFXVDELOLW\ GLIIHU GXH WR WKH VLQJOHPRGH DQGPXOWLPRGH ILEHU ODVHU VHWXS7KH IRFXVDELOLW\ DQG WKH LQWHUUHODWHG
EHDP GLYHUJHQFH LQIOXHQFH WKH UHVXOWLQJ LQWHQVLW\ GLVWULEXWLRQ LQ GLUHFWLRQ RI WKH EHDP SURSDJDWLRQ DQG DV D
FRQVHTXHQFH WKHZHOGVHDPIRUPDWLRQ LQPDFURZHOGLQJ:HEHUSDOV ,QFRQWUDVW WKHIRFXVDELOLW\DQGEHDP
TXDOLW\ GR QRW DIIHFW WKH ZHOGLQJ UHVXOW DQG SURFHVV HIILFLHQF\ LQ PLFUR ZHOGLQJ 3DWVFKJHU D GXH WR WKH
5D\OHLJKOHQJWKZKLFKLVDQRUGHURIPDJQLWXGHKLJKHUWKDQWKHZHOGLQJGHSWK,QDGGLWLRQWKHEHDPSURILOHVKDSHV
DUHVLPLODUDQGOHDGWRDFRPSDUDEOHLQWHQVLW\GLVWULEXWLRQRQWKHVSHFLPHQVXUIDFH
7KHSRZHUDSSOLHGRQWKHZRUNSLHFHZDVPHDVXUHGDVZHOO,QRUGHUWRDYRLGDIRFDOVKLIWGXHWRWKHUPDOOHQVLQJ
WKHSURFHVVLQJWLPHZDVOLPLWHG:HOGLQJSDWKVZLWKDOHQJWKRIDSSUR[LPDWHO\PPZHUHDSSOLHGRQWKHFODPSHG
IRLOVDQGREVHUYHGE\PHDQVRIKLJKVSHHGLPDJLQJXVLQJIUDPHUDWHVIURPXSWRIV7KHUHVROXWLRQV
UHDFKHG UDWLRVRI WRPSHUSL[HO$IWHUJHQHUDWLQJPLFUR VHFWLRQVRI WKH VSHFLPHQVPLFURVFRS\ZDVXVHG LQ
RUGHUWRREWDLQWKHZLGWKRIWKHZHOGVHDP)RUWKLVSXUSRVHWKHDUHDRIWKHFURVVVHFWLRQZDVPHDVXUHGDQGGLYLGHG
E\LWVKHLJKWWKXVGHWHUPLQLQJDQDYHUDJHZHOGVHDPZLGWK7KLVWHFKQLTXHLVQHFHVVDU\GXHWRKLJKO\GLIIHULQJZHOG
VHDPZLGWKRQWKHXSSHUDQGORZHUVLGHRIWKHZHOGVHDPVHH)LJE7KHFDOFXODWLRQRIWKH3pFOHWQXPEHUZDV
FDUULHG RXW XVLQJ WKH WKHUPDO GLIIXVLYLW\ RI $,6, ZKLFK ZDV GHWHUPLQHG H[SHULPHQWDOO\ E\ 3DWVFKJHU HW DO
E
([SHULPHQWDOUHVXOWV
3.1. Evaluation of the given approximations 
)LJVKRZVWKHFRPSDULVRQRIWKHH[SHULPHQWDOUHVXOWVDQGWKHDQDO\WLFDOVROXWLRQVRIHTXDWLRQVDQG
$OOHTXDWLRQVDUHQRUPDOL]HGZLWKUHJDUG WR WKHFDSLOODU\GLDPHWHUdF:KLOH WKHDQDO\WLFDOO\REWDLQHGQRUPDOL]HG
ZLGWK UHSUHVHQWVDW OHDVW WKH WUHQGRI WKHH[SHULPHQWDO UHVXOWVPHDVXUHG UHVXOWVRIPHOWSRRO OHQJWK UHYHDODKXJH
VFDWWHU7KHUHIRUHWKHDQDO\WLFDOVROXWLRQRIWKHPHOWSRROOHQJWKLVQRWDSSOLFDEOH0RUHRYHUREWDLQLQJH[SHULPHQWDO
UHVXOWVRIWKHFDSLOODU\GLDPHWHULVWLPHFRQVXPLQJDQGGLIILFXOWGXHWRWKHVPDOOGLPHQVLRQVLQPLFURZHOGLQJ$VD
UHVXOWQRWDOOYLGHRJUDSKLFUHVXOWVFRXOGEHFRQVLGHUHGEHFDXVHRIWRRVPDOOFDSLOODU\GLDPHWHUVLQWKHPDJQLWXGHRI
WKH UHVROXWLRQ7KHUHIRUH RWKHU FRUUHODWLRQVKDYH WREH HYDOXDWHG DQG WHVWHG ,QSDUWLFXODU WKH IRFDO GLDPHWHU LV D
RQFHGHWHUPLQHGYDULDEOHZKLFKFDQEHXVHGHDVLO\WRFRUUHODWHWKHUHVXOWV

D E F
G H I J
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
)LJ&RPSDULVRQRIH[SHULPHQWDOUHVXOWVZLWKDQDO\WLFDOVROXWLRQVDQRUPDOL]HGPHOWSRROZLGWKbVdFLQGHSHQGHQFHRQ3pFOHWQXPEHUUHODWHG
WRFDSLOODU\UDGLXVrFEQRUPDOL]HGPHOWSRROOHQJWKldFLQGHSHQGHQFHRQ3pFOHWQXPEHUUHODWHGWRFDSLOODU\UDGLXVrF
3.2. Melt pool width 
)LJ VKRZV DOO H[SHULPHQWDO UHVXOWV FODVVLILHG LQWR GHHS ZHOGLQJ DQG FRQGXFWLRQ ZHOGLQJ 7KH H[SHULPHQWDO
UHVXOWVDUHQRUPDOL]HGZLWKUHJDUGWRWKHIRFDOGLDPHWHUdIDQGWKH3pFOHWQXPEHULVUHODWHGWRWKHIRFDOUDGLXVrIDV
FKDUDFWHULVWLFOHQJWK
$VFDQEHVHHQLQ)LJDJRRGFRUUHODWLRQRIWKHQRUPDOL]HGPHOWSRROZLGWKZLWKUHVSHFWWRWKHIRFDOGLDPHWHU
DQG WKH3pFOHW QXPEHU H[LVWV$GGLWLRQDOO\ WKH UHVXOWV FDQEH FOHDUO\GLIIHUHQWLDWHGEHWZHHQFRQGXFWLRQ DQGGHHS
ZHOGLQJ,WLVZHOONQRZQWKDWSURFHVVHIILFLHQF\LQGHHSZHOGLQJLVPXFKKLJKHUWKDQLQFRQGXFWLRQZHOGLQJ7KLV
PDWWHU RI IDFW LQGXFHV DQ LQFUHDVHGPHOW YROXPH 7KHUHIRUH WKH QRUPDOL]HGPHOW SRROZLGWK LV VKLIWHG WR KLJKHU
YDOXHVLQGHHSZHOGLQJ'HSHQGHQWRQZHOGLQJUHJLPHWKHYDOXHRIQRUPDOL]HGPHOWSRROZLGWKGURSVEHORZDWD
FHUWDLQ3pFOHWQXPEHU$WWKLVSRLQWWKHPHOWSRROZLGWKEHFRPHVVPDOOHUWKDQWKHIRFDOGLDPHWHU,QGHHSZHOGLQJ
WKLVEHKDYLRULQGLFDWHVDFDSLOODU\GLDPHWHUZKLFKLVVPDOOHUWKDQWKHIRFDOGLDPHWHU:LWKLQFUHDVLQJ3pFOHWQXPEHU
WKHUDWLRRIZHOGVHDPZLGWKWRIRFDOGLDPHWHUFRQYHUJHVDV\PSWRWLFDOO\WRDYDOXHRIDSSUR[LPDWHO\


)LJ1RUPDOL]HGPHOWSRROZLGWKbVdILQGHSHQGHQFHRQ3pFOHWQXPEHUUHODWHGWRWKHIRFDOUDGLXVrI
,Q RUGHU WR DQDO\]H WKH FRUUHODWLRQ D TXDVLOLQHDU UHJUHVVLRQ RI WKH QRUPDOL]HG PHOW SRRO ZLGWK LQ GHHS DQG
FRQGXFWLRQZHOGLQJUHJLPHZDVFDUULHGRXW7DEOHGLVSOD\VWKHUHVXOWV
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7DEOH5HVXOWVRIUHJUHVVLRQDQDO\VLVRIQRUPDOL]HGPHOWSRROZLGWK
 1RUPDOL]HGPHOWSRROZLGWKbVdI
:HOGLQJUHJLPH 'HHSZHOGLQJ &RQGXFWLRQZHOGLQJ
&RHIILFLHQWRIGHWHUPLQDWLRQRð  
&RHIILFLHQWb  
&RQILGHQFHLQWHUYDORIb  
SYDOXHRIb  
$EVROXWHWHUPa  
&RQILGHQFHLQWHUYDORIa  
SYDOXHRIa  
2EVHUYDWLRQV  

7KHUHVXOWVRIWKHUHJUHVVLRQDQDO\VLVLQ7DEOHVKRZGXHWRWKHODUJHFRHIILFLHQWVRIGHWHUPLQDWLRQWKDWDKLJK
SURSRUWLRQ RI WKH YDULDQFH RI WKH QRUPDOL]HG PHOW SRRO ZLGWK LV H[SODLQHG E\ WKH TXDVLOLQHDU UHJUHVVLRQ
)XUWKHUPRUHWKHFRQILGHQFHLQWHUYDORIbLVFRPSDUDWLYHO\OLPLWHG7KLVPHDQVWKDWLQWKLVFDVHWKHUHJUHVVLRQ
PRGHOV FDQFRQWLQXRXVO\SURYLGHDJRRGHVWLPDWH7KH UHJUHVVLRQ IXQFWLRQV UHVXOW IURP WKH UHJUHVVLRQDQDO\VLV DV
IROORZV
ܾ௦ ൌ ݀௙ ڄ ʹǤͲͻ͵ ڄ ܲ݁௥೑
ି଴Ǥଷ଺ଷ  
LQ FDVH RI GHHSZHOGLQJ:HOGLQJ LQ KHDW FRQGXFWLRQ UHJLPH OHDGV WR WKH VXEVHTXHQW WHUP IRU WKH SXUSRVH RI
GHWHUPLQDWLRQRIWKHZHOGVHDPZLGWK
ܾ௦ ൌ ݀௙ ڄ ͲǤ͹ͺͳ ڄ ܲ݁௥೑
ି଴Ǥଶ଴଻Ǥ  
3.3. Melt pool length 
$VQRWHGE\6HLOHUHWDOLQFUHDVHGZHOGLQJGHSWKsOHDGVWRDJURZLQJVROLGLILFDWLRQWLPHtHDQGPHOWSRRO
OHQJWKlUHVSHFWLYHO\
݈ ן ݏ  
%\UHDVRQRIWKHODWWHUGHSHQGHQFHZHOGLQJGHSWKsZDVXVHGWRQRUPDOL]HWKHPHOWSRROOHQJWKLQDGGLWLRQWRWKH
IRFDOGLDPHWHUdI0RUHRYHU)LJEVKRZVQRFRUUHODWLRQEHWZHHQDQRUPDOL]HGPHOWSRROOHQJWKZLWKUHVSHFWWR
WKH FDSLOODU\ GLDPHWHU dF DQG WKH 3pFOHW QXPEHU 7KH YHU\ VDPH LV REVHUYHG DSSO\LQJ LQ OLHX WKHUHRI WKH IRFDO
GLDPHWHUdI7KHUHIRUHWKHIHHGUDWHZDVDSSOLHGDVLQGHSHQGHQWYDULDEOHLQVWHDGRIWKH3pFOHWQXPEHU

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
)LJ1RUPDOL]HGPHOWSRROOHQJWKlsÂdILQGHSHQGHQFHRQWKHIHHGUDWH
)LJSLFWXUHVWKHQRUPDOL]HGPHOWSRROOHQJWKlsÂdILQGHSHQGHQFHRQWKHIHHGUDWH7KHGDVKHGOLQHUHSUHVHQWV
WKHUHJUHVVLRQOLQHRIWKHGHHSZHOGLQJUHVXOWV7KHUHDUHRQO\IHZUHVXOWVREWDLQHGLQFRQGXFWLRQZHOGLQJPRGH)RU
WKLV UHDVRQRQO\GHHSZHOGLQJ UHJLPHZLOOEHFRQVLGHUHG LQD UHJUHVVLRQDQDO\VLV7KHRXWFRPHRI WKH UHJUHVVLRQ
DQDO\VLVLVGLVSOD\HGLQ7DEOH
7KHSDWKWLPHHTXDWLRQLQWHUUHODWHVWKHPHOWSRROOHQJWKDQGWKHVROLGLILFDWLRQWLPHRIWKHPROWHQSRRODVZHOODV
WKHIHHGUDWH
݈ ൌ ݐ௘ ڄ ݒ  
%\WKLVLQWHUUHODWLRQLWLVSRVVLEOHWRGHWHUPLQHWKHPHOWSRROOHQJWKE\PHDQVRIWKHFKRVHQIHHGUDWHWKHIRFDO
GLDPHWHUDVZHOODVWKHZHOGLQJGHSWKZKLFKLVLQWKLVFDVHWKHYHU\VDPHDVWKHPDWHULDOWKLFNQHVVGXHWRSURFHVVLQJ
QHDU WKH ERUGHU EHWZHHQ LQFRPSOHWH SHQHWUDWLRQZHOG XQG IXOO SHQHWUDWLRQZHOG )LJ GLVSOD\V WKH VROLGLILFDWLRQ
WLPHtHLQGHSHQGHQFHRQWKHIRFDOGLDPHWHUdI


)LJ6ROLGLILFDWLRQWLPHtHLQGHSHQGHQFHRQWKHIRFDOGLDPHWHUdIIRUGHHSZHOGLQJRIYDULRXVZHOGLQJGHSWKVDQGIRLOWKLFNQHVVHVUHVSHFWLYHO\
(YHU\GDWDSRLQWLQ)LJUHSUHVHQWVWKHDULWKPHWLFDYHUDJHRIXSWRVLQJOHPHDVXUHVDQGLVFKDUDFWHUL]HGE\
WKHVWDQGDUGGHYLDWLRQ7KHLQWHUUHODWLRQEHWZHHQWKHVROLGLILFDWLRQWLPHDQGWKHIRFDOGLDPHWHULQGHSHQGHQFHRQWKH
ZHOGLQJ GHSWK LV GLVWLQJXLVKHG E\ D OLQHDU EHKDYLRU $ UHJUHVVLRQ DQDO\VLV LQ 7DEOH GHVFULEHV WKLV LQWHUUHODWLRQ
PDWKHPDWLFDOO\
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7DEOH5HVXOWVRIUHJUHVVLRQDQDO\VLVRIQRUPDOL]HGPHOWSRROOHQJWKDQGVROLGLILFDWLRQWLPH
 6ROLGLILFDWLRQWLPH 1RUPDOL]HGPHOWSRROOHQJWKlsÂdI
:HOGLQJGHSWK:HOGLQJUHJLPH P P 'HHSZHOGLQJ
&RHIILFLHQWRIGHWHUPLQDWLRQRð   
&RHIILFLHQWb Â Â Â
&RQILGHQFHLQWHUYDORIb Â Â Â
SYDOXHRIb   
$EVROXWHWHUPa Â Â 
&RQILGHQFHLQWHUYDORIa Â Â 
SYDOXHRIa   
2EVHUYDWLRQV   

7KHUHVXOWVRIWKHUHJUHVVLRQDQDO\VHVLQ7DEOHH[KLELWJUHDWFRHIILFLHQWVRIGHWHUPLQDWLRQRð7KLVGHQRWHVWKDWD
KLJKSURSRUWLRQRI WKHYDULDQFHRI WKHVROLGLILFDWLRQ WLPHDQGWKHQRUPDOL]HGZHOGSRRO OHQJWK LVH[SODLQHGE\ WKH
OLQHDUUHJUHVVLRQ,QSDUWLFXODUWKHVROLGLILFDWLRQWLPHVKRZVDGLUHFWLQWHUUHODWLRQZLWKWKHIRFDOGLDPHWHUDQGFDQEH
XVHGYHU\ZHOOLQRUGHUWRGHWHUPLQHWKHZHOGSRROOHQJWKIRUDGLVFUHWHZHOGLQJGHSWK7KHIROORZLQJHTXDWLRQVDUH
GHULYHGIURPWKHUHJUHVVLRQDQDO\VHVIRUWKHZHOGLQJGHSWKRIP
ݐ௘ ൌ ʹǤͻ ڄ ͳͲି଺ ቂ
௦
ஜ௠
ቃ ڄ ݀௙ ൅ ʹͲͻǤ͹ ڄ ͳͲି଺ሾݏሿ  
DVZHOODVIRUDZHOGLQJGHSWKRIP
ݐ௘ ൌ ͺǤͺ ڄ ͳͲି଺ ቂ
௦
ஜ௠
ቃ ڄ ݀௙ ൅ ʹͶ͹Ǥʹ ڄ ͳͲି଺ሾݏሿ  
7KH ZHOGLQJ GHSWK LV XVHG WR QRUPDOL]H WKH PHOW SRRO OHQJWK LQ RUGHU WR REWDLQ D PRUH JHQHUDO UHODWLRQVKLS
EHWZHHQWKHPHOWSRROOHQJWKDQGWKHIHHGUDWH7KHPRGHOILWLVQRWDVJRRGDVLQFRPSDULVRQWRWKHVROLGLILFDWLRQ
PRGHOEXWZLWKDGHWHUPLQDWLRQFRHIILFLHQWRIVWLOOXVHIXOWRSUHGLFWWKHPHOWSRROOHQJWK7DEOHOHDGVWRWKH
VXEVHTXHQWWHUPRIWKHUHODWLRQ
݈ ൌ ݏ ڄ ݀௙ ڄ ͳ͹͹Ǥͷ ڄ ͳͲି଺ ቂ
௦
ஜ௠ڄ௠௠
ቃ ڄ ݒ െ ͲǤͲ͸͵ͷሾɊ݉ሿǤ 
3.4. Melt pool geometry 
7KHPHOWSRRO OHQJWKKDVEHHQGLVFXVVHG LQ WKHSUHYLRXVFKDSWHU,WKDVEHHQREVHUYHGE\PHDQVRIKLJKVSHHG
LPDJLQJRQWKHWRSVXUIDFH,QRUGHUWRLQYHVWLJDWHWKHPHOWSRROOHQJWKRQWKHVHDPURRWKLJKVSHHGLPDJHVZHUH
WDNHQIURPWKHERWWRPRIWKHVSHFLPHQZKLOHGHHSZHOGLQJ)RUWKLVSXUSRVHLQYHVWLJDWLRQVZHUHFDUULHGRXWXVLQJD
IRFDOGLDPHWHURIPH[HPSODULO\



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)LJD6FKHPDWLFPHOWSRROJHRPHWU\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E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D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OHQJWKDWWKHVHDPURRWlVUDVZHOODVWKHWLOWDQJOHVDWWKHPHOWSRROIURQWĮDQGUHDUȕ)LJEGLVSOD\VDKLJKVSHHG
LPDJHIUDPHRIWKHZHOGURRWSURFHVVHGDWWKHERUGHUWRLQFRPSOHWHSHQHWUDWLRQZKLOHGHHSZHOGLQJ,WLVREYLRXVWKDW
WKHFDSLOODU\LVFORVHGWRZDUGVWKHERWWRPDQGVROHO\WKHPHOWLQJSKDVHFDQEHVHHQ%\PHDQVRIKLJKVSHHGLPDJLQJ
WKHPHOWSRROOHQJWKVDWWKHWRSVXUIDFHDQGWKHVHDPURRWDVZHOODVWKHWLOWDQJOHRIWKHPHOWIURQWZHUHPHDVXUHG
7KHWLOWDQJOHDWWKHUHDURIWKHPHOWSRROZDVFDOFXODWHGXVLQJWKHODWWHUPHDVXUHPHQWUHVXOWV


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)LJGHSLFWVWKHUHVXOWVRIWKHPHOWSRROOHQJWKDSSO\LQJDIRFDOGLDPHWHURIPDWERWKZHOGLQJGHSWKVLQ
GHSHQGHQFHRQWKHIHHGLQJUDWHFI)LJ7KHPHOWSRROOHQJWKRIWKHVHDPURRWLQFUHDVHVWRDOHVVHUH[WHQWZLWK
JURZLQJIHHGUDWHLQFRPSDULVRQWRWKHPHOWSRROOHQJWKRIWKHWRSVXUIDFH7KLVDIIHFWVWKHUHDUDQJOHRIWKHPHOW
SRROZKLFKGHFUHDVHVZLWKLQFUHDVLQJIHHGUDWH)LJGLVSOD\VWKHWLOWDQJOHVLQWKHPHOWSRRO7KHUHDUDQJOH
GHFUHDVHVWRDFHUWDLQYDOXHDQGUHPDLQVFRQVLVWHQWDWDPLQLPXPRIDSSUR[LPDWHO\EH\RQGIHHGUDWHVRI
PPV
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)LJ0HOWSRRODQJOHVLQGHSHQGHQFHRQWKHIHHGUDWHIRUdI PDQGZHOGLQJGHSWKVRIPDQGP
$WORZIHHGUDWHVEHORZPPVWKHPHOWIURQWEHFRPHVSHUSHQGLFXODUDQGWKHPHOWIURQWDQJOHKDVWKHYDOXH
RI,QDFFRUGDQFHZLWK)DEEURHWDOWKHIURQWWLOWDQJOHVGHFUHDVHZLWKLQFUHDVLQJIHHGUDWH,WLV
UHPDUNDEOHWKDWGLIIHUHQWZHOGLQJGHSWKVFDXVHVXQHTXDOGHYHORSLQJRIYDOXHV7KLVOHDGVWRWKHILQGLQJWKDWWKHIURQW
WLOWDQJOHLVGHSHQGHQWRQWKHZHOGLQJGHSWK
ߙ ן ݏ  
7DEOHVKRZVWKHUHVXOWVRIWKHUHJUHVVLRQDQDO\VHVRIWKHPHOWSRROWLOWDQJOHV7KHSYDOXHRIRIWKHVORSH
bRIWKHUHJUHVVLRQIXQFWLRQRIWKHIURQWDQJOHIRUSURFHVVLQJPLQGLFDWHVDZHDNHYLGHQFHDJDLQVWWKHQXOO
K\SRWKHVLVb ZKLFKFDQQRWEHUHMHFWHGZLWKUHVSHFWWRDVLJQLILFDQFHOHYHORI7KLVLQGLFDWHVWKDWDQ
LQWHUUHODWLRQEHWZHHQWKHIURQWWLOWDQJOHDQGWKHIHHGUDWHZKLOHSURFHVVLQJZLWKDZHOGGHSWKRIPLVQRW
HQVXUHG,QWKLVFDVHPRUHGDWDKDVWREHREWDLQHGDQGWHVWHG
7DEOH5HVXOWVRIUHJUHVVLRQDQDO\VLVRIWLOWDQJOHVRIPHOWSRRO
 )URQWDQJOH 5HDUDQJOH
:HOGLQJGHSWK P P P	P
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  
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  
SYDOXHRIb   
$EVROXWHWHUPa   
&RQILGHQFHLQWHUYDORIa   
SYDOXHRIa   
2EVHUYDWLRQV   

6XPPDU\
,Q WKH SUHVHQW SDSHU WKH SUHGLFWDELOLW\ RIPHOW SRRO GLPHQVLRQV E\ DSSUR[LPDWLRQV JLYHQ E\%HFN  DQG
%H\HUZHUHWHVWHGLQODVHUPLFURZHOGLQJRIWKLQVWHHOIRLOV:KLOHWKHPHOWSRROZLGWKFDQEHSURJQRVWLFDWHG
LQDQDFFHSWDEOHZD\WKHPHOWSRROOHQJWKZDVIRXQGQRWWREHLQFRUUHODWLRQZLWKWKH3pFOHWQXPEHU0RUHRYHUWKH
GHWHUPLQDWLRQRIWKHFDSLOODU\GLDPHWHUZKLFKLVWKHEDVHRIWKHJLYHQDSSUR[LPDWLRQVLVTXLWHGLIILFXOWLQSUDFWLFH
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7KHUHIRUHVLPSOLILHGLQWHUUHODWLRQVEHWZHHQPHOWSRROGLPHQVLRQDQGWKHIRFDOGLDPHWHUZHUHGHYHORSHGZKLFKFDQ
DOVREHDSSOLHGWRFRQGXFWLRQZHOGLQJZLWKWKHDEVHQFHRIDFDSLOODU\
7KHPHOWSRROZLGWKZLWKUHVSHFWWRGHHSRUFRQGXFWLRQZHOGLQJFDQEHHVWLPDWHGZLWKDQH[SRQHQWLDOILWXVLQJ
WKHIRFDOGLDPHWHUDQGWKH3pFOHWQXPEHUUHODWHGWRWKHIRFDOUDGLXV7KHPHOWSRROOHQJWKZDVIRXQGWREHUHODWHGWR
WKHIRFDOGLDPHWHUWKHZHOGLQJGHSWKDQGWKHIHHGUDWH$GGLWLRQDOO\WKHPHOWSRROOHQJWKLVOLQNHGWRVROLGLILFDWLRQ
WLPHDQGIHHGUDWHE\WKHWLPHSDWKHTXDWLRQ)RUGLVFUHWHZHOGLQJGHSWKVWKHVROLGLILFDWLRQWLPHFDQEHSUHGLFWHGLQ
GHSHQGHQFHRQWKHIRFDOGLDPHWHU
$QLQYHVWLJDWLRQRIWKHPHOWSRROOHQJWKDWWKHVHDPURRWLQGLFDWHVGHFUHDVLQJPHOWIURQWDQJOHVDQGUHDUDQJOHVRI
WKHPHOW SRROZLWK LQFUHDVLQJ IHHG UDWH7KHPHOW IURQW UHPDLQV SHUSHQGLFXODU DW ORZ IHHG UDWHV DQGGHFUHDVHV LQ
GHSHQGHQFHRQWKHZHOGLQJGHSWK,QDGGLWLRQWKHUHDUDQJOHRIWKHPHOWSRROGHFUHDVHVWRDPLQLPXPDQGUHPDLQV
FRQVLVWHQWDWDFHUWDLQIHHGUDWH
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